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Abstract

Mold filling and casting solidification are determined by gravity driven natural convection. Also forced convection induced by rotating
magnetic field influences castings microstructure. The investigations of flow effect on the aluminum casting alloys and silicon rich alloys
were mainly conducted on simple cylindrical specimens and focused on the microstructure, composition and strength of electromagnetic
field. Unfortunately, the temperature field in the specimens and facility were mainly omitted or not enough discussed. In the current study
thermal conditions in a special facility for flow effect investigation were studied, in experimental and numerical manner, concerning Al-Si-
Mg alloys with various compositions and different solid fraction curves. Solidification simulation has proven slow cooling and uniform
temperature on the cross-section of the specimen and crucible, nearly uniform solidification time throughout the whole specimen, wide
mushy zone and proper construction of the facility protecting electric coils. Temperature gradient and cooling rate, for alloys where almost
all solid fraction and latent heat released close to solidus, were significantly higher at the solidus temperature than by liquidus, whilst in
alloys where latent heat released evenly and closer to liquidus, were smoothly changing across sample and from liquidus to solidus
temperature. Numerically simulated microstructure parameters like e.g. SDAS, grain size and fraction of primary phase in a-Al first alloy
presented values similar and smoothly changing across specimen. It was proposed to calculate secondary dendrite arm spacing SDAS based
on the specified time period, that could be responsible for melting some arms or creating new arms by dendrites, and next careful SDAS
measurement across specimen was recommended. Tested facility and experimental procedure, developed for studying flow effect on the Al
alloys microstructure, was proven to be very resistant to interference.
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1. Introduction concentration leading to formation of Mg:Si phase. In AA6063
alloys widely used in the structural applications, the Si content
ranges from 0.35 to 1.3% with Mg ranging from 0.6 to 1.2%, whilst
in casting aluminum alloy A356, the Si amounts 6.5-7.5% and Mg
0.25-0.45%. Beside composition, the physical properties and
microstructure of Al alloys may vary significantly depending on
temperature gradient, cooling rate, solidification velocity and melt
flow especially near and in the mushy zone.

Al alloys for forging and extrusion were produced in Direct
Chill (DC) [8] casting process by using crystallizers which ensure
oriented mushy zone direction and controlled solidification
velocity. Because of complex phenomena and occurring defects

Aluminum casting alloys with its excellent strength-to-weight
ratio, thermal conductivity and light weight were applied in
automobile industry for production of e.g. wheels, transmission
cases and engine blocks [1,2]. Also wrought Al alloys in a form
such as plate, forging, extrusion are widely used in the marine
applications and aerospace industries because of their excellent
corrosion resistance, weldability, recycling and light weight [3-5].

Silicon and magnesium are two from main alloying elements
applied in casting and wrought aluminum alloys [6,7] by different
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like macro segregation and hot tearing in DC [9], improvements
were looked for in application of low frequency electromagnetic
field [10,11]. In foundry industry are conducted studies on effect of
artificially induced flow and developed methods: control of melt
convection by travelling magnetic field [12], electromagnetic field
[13], electromagnetic processing of particles strengthened alloys
[14], electromagnetic casting [15] and low frequency
electromagnetic field [16]. The continuous developments are
observed in melt conditioning (MC and HSMC) [17,18],
thixoforming [19,20], rheocasting [21,22] and semisolid metal
processing (SSM) [23].

The effect of forced convection induced by rotating magnetic
field RMF on aluminum alloys was studied in directional
solidification on AlSiFe alloys [24,25] and in opposite by low
temperature gradient and low cooling rate on AlSiMgFeMn [26],
AlCusSi [27], AlSiFe [28] and AlSiMn [29,30] alloys.

Application of electromagnetic stirring EMS was also studied
for production of high quality silicon, e.g. for photovoltaic
installations. The studies with EMS included: purification of Si
from Al-Si melt [31], enrichments of primary silicon from Al-Si
melt [32], silicon refining using Si-Sn melt [33], separation of
silicon from Ti-Sn melt [34], separation of silicon from Al-Si alloy
[35], refining Si from Si-Al melt [36], purification of Si from Sn-
30Si alloy [37], silicon separation from hypereutectic aluminum-
silicon [38], morphological evolution of Si [39], separation
mechanism of primary silicon [40], boron removal from Al-30Si-
10Sn melt [41], controlling segregation [42] and enhancing
segregation behavior of impurity in Al-30Si alloy [43,44].

The investigations of flow effect on the aluminum alloys [26-
30] and on the silicon [31-44] were mainly conducted on simple
cylindrical specimens in the crucible enveloped by insulation and
coils, where the effect was evaluated and focused on the
microstructure variation with different alloy compositions and
strength of electromagnetic field.

Unfortunately, the temperature field in the specimens, in the
crucible, insulation, coils and in the cooling system were mainly
omitted or not enough discussed. There is lack of information about
temperature, cooling rate, temperature gradient, in samples and in
the crucibles used. These thermal conditions might have significant
effect on studied microstructures.

From by low cooling rate and low gradient conducted studies
on aluminum alloys [26-30] and silicon preparation [31-33, 41-44],
only [43] presented temperature field and flow field in the
specimens, where by applied rotating magnetic field RMF the
temperature in the sample was homogenized.

The aim of the current study is to investigate thermal conditions
in the specimen, crucible and insulation, which were applied in the
facility [45] and used in studies on different alloys [26-30] with
methodology similar to [31-33,41-44]. The objective of the
numerical simulation is to indicate: temperature field in specimen,
crucible, insulation, and cooling system, parameters applied in
microstructure evaluation like temperature gradient and cooling
rate, proposition for improvements in methodology and
construction of facility used.

For this purpose, an experiment was carried out on the
solidification of six AISiMg alloys with slow cooling, without the
use of stirring by RMF, using the experimental methodology
previously developed in [45] (Fig. la) and applied in [26-30].
Series of numerical simulations were carried out, which reproduced

the conditions of the tested solidification process in order to assess
the thermal conditions in the specimen and in the facility.

Fig. 1. The scheme of the tested facility: a) experimental facility,
b) numerical model (mesh geometry)

2. Materials and methods

The methodology includes experimental specimens
preparation and numerical simulation of the solidification and
thermal conditions in specimens and in the facility used.

In the study, Al-Si-Mg alloys were studied, with variable
composition around the eutectic point AlSil2.6Mg4.6 on the
ternary phase diagram [46], with strictly controlled composition.
The alloys were (Table 1): AlSi9.430Mg3.470 (labeled as “o-Al
first” alloy), AlSi13.070Mg5.845 (labeled as “MgaSi first” alloy),
AlSil4.180Mg4.400 (“Si first”), AlSi6.470Mg7.840 (“a-
Al/MgSi”  alloy), AlSi12.515Mg2.250  (“a-Al/Si”) and
AlSi14.510Mg5.630 (“Mg2Si/Si”). The chosen compositions made
possible independent growth of some phase, e.g. in “a-Al first”
alloy, the first independently growing phase is a-Al (L — a-Al +
L) till final eutectic reaction (L — a-Al+ MgaSi + Si) at 558.65 °C.
Whilst in e.g. “Mg2Si/Si” alloy joint growth of both Mg:Si phase
and Si crystals occurred (L — Mg2Si + Si + L), till final eutectic
reaction at 558.65 °C (L — a-Al + MgzSi + Si). Al the alloys were
prepared from high purity materials, similarly to methodology in
previous studies [26-30], were it was described in more details.

Table 1.
The studied AlSiMg alloys.
Name of alloy Chemical composition SDAS :Ilsasured
“o-Al first” AlSi9.430Mg3.470 54.8
“Mg>Si first” AlSi13.070Mg5.845 -
“Si first” AlSil4.180Mg4.400 414
“a-Al/Mg»Si” AlSi6.470Mg7.840 -
“a-Al/Si” AlSil2.515Mg2.250 67.7
“Mg2Si/Si” AlSi14.510Mg5.630 38.7
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Solidification was conducted in the facility designed (Fig. 1)
for studying the influence of rotating magnetic field RMF on the
alloys structure [45]. The device owing set of coils may be powered
from network via toroidal transformers in the three-phase system
or via an autotransformer (Tufvassons, Sigtuna, Sweden, type
KIEA 4), but RMF was not applied in the current study and alloys
solidified by only natural convection, without electromagnetically
generated forced convection. In order to control thermal conditions,
thermocouples type K (TP-203) and the APAR AR 207 data
recorder were applied. The winding of the coils located near to the
casting and the crucible, were protected against heating using a
cooler made of a copper tube (Fig. 1) in the form of a spiral,
supplied with water (flow 5-10 L/min.). To provide slow
solidification conditions in the 38 mm diameter and 67 mm long
cylindrical specimens, the graphite crucible was surrounded by
insulation with conductivity of about 0.1 W/mK (Fiberfrax,
Unifrax, Tonawanda, USA). The construction of the device (Fig.
1) described in more detail in [45], allows for slow solidification at
low cooling rate about 0.112 K/s and low temperature gradient
about 0.143 K/mm. The graphite crucible has 38 mm inner
diameter and 50 mm outer diameter (wall thickness 6 mm) by the
whole high of 125 mm and was heated up in the smelting electric
automatic furnace.

The specimens were first melted at 800 °C and then quickly
moved together with the crucible into the facility where alloys
slowly solidified, with temperature measurement and by natural
convection, without application of rotating magnetic field.

The cut from specimens (Fig. 2) microsections were prepared
with standard metallographic procedure, similarly to methodology
in previous studies [26-30]. The samples were investigated with a
microscope (Nikon Eclipse MA200, Japan) and allowed for
secondary dendrite arm spacing A2 (labelled also as SDAS)
measured as the averaged distance between 15-45 side branches.

Numerical simulations were conducted in Magmasoft [47].
Mesh geometry representing the used facility (Fig. 1) contains
areas such as: specimen (light violet color) in the center, graphite
crucible (dark blue color), insulation (orange) around and above
crucible, air (yellow) in the crucible and above upper insulation,
and finally cooling system (blue) outside and down. In the
specimen and facility were placed thermocouples (green points on
Fig. 2). Mesh geometry included 300 000 mesh cubes with
dimensions about 1x1x1 mm. Thermophysical data for alloys was
based on the Magmasoft [47] data base (AlSi10Mg, AlSil2-Sand,
AlSi7Mg-Sand alloys) with modified by author chemical
composition, thermophysical data and solid fraction curve. Solid
fraction curves (Fig. 3) were determined from calculations in
ThermoCalc [46] software. The studied alloys had significantly
different precipitation sequence and amount of occurring phases,
e.g. 0-Al dendrites, Mg>Si phases and Si crystals, which led to
significantly different solid fraction curves and various intensity of
latent heat release in liquidus-solidus temperature range.
Thermophysical data for alloys used were: thermal conductivity
(Lambda) 73-134 W/mK, density (Rho) 2095-2650 kg/m?, specific
heat (Cp) 910-1175 J/kgK. For graphite crucible were used data of
the “Graphit” in Magmasoft data base: Lambda=52-116 W/mK,
Rho=1800 kg/m?, Cp=753-2095 J/kgK. Copper cooling system
according to “Copper” in Magmasoft data base were:
Lambda=180-400 W/mK, Rho=7400-8920 kg/m?, Cp=385-515
J/kgK. Insulation was based on “Insulation” from Magmasoft data

base, but modified according to data of Fiberfrax producer:
Lambda=0.13-0.19 W/mK, Rho=390 kg/m?, Cp=400-740 J/kgK.
Boundary conditions between objects were: heat transfer
coefficient C7000 (7000 W/m?K) and default.air (1500 W/m?K).

a)

b) 0 38-mm
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Fig. 2. Area for simulation results presentation (in red dashed line
rectangle): a) experimental specimen, b) numerical model (with
thermocouples — green points). Violet area selected for secondary
dendrite arm spacing SDAS measurement

From initial analysis of thermal conditions in the specimen,
crucible and cooling system, it was clear that most important is the
proper value of the insulations thermophysical properties.
Aluminum based specimen, copper cooling system and graphite
crucible have quite high thermal conductivity, in comparison to
insulation used. From all used materials, the insulation has the
lowest thermal conductivity, and strongest determines the heat flow
from specimen and crucible trough cooling system into
environment. In order simplify the validation for experimental and
simulated temperature curves compatibility, thermophysical data of
other materials and boundary conditions were fixed, and Insulation
properties were modified. Insulation the data were validated
according to experimentally measured solidification time, and
received well compatibility between experimental and simulated
cooling curves as presented on Fig 4. Thermal conductivity
(Lambda) for similar alloys was finally defined as: 0.1186 W/mK
for a-Al first alloy, 0.1490 W/mK for Mg:Si first alloy, 0.1171
W/mK for Si first first, 0.1380 W/mK for a-Al/Mg2Si, 0.1152
W/mK for a-Al/Si and 0.1470 W/mK for Mg:Si/Si alloy. As
presented on the Fig 4a, the experimental and simulated
temperature curves have very well compatibility in the temperature
range 800-600 °C (time from 0 to 600 s) and also good
compatibility for solidification time period (Fig. 4b). Thanks to
validation, the heat flow in simulation was very well balanced
according to experimental data.
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Fig. 3. Solid fraction fs curve in the studied alloys: a) fs in the
range from 0 to 1, b) fs from 0 to 0.05

Initial temperature for specimen and crucible was 800 °C, and
11 °C for insulation, cooling system and the air. In the experiment,
alloys were melted in the crucible during the heating up to 800 °C
and then both moved into facility, and that is why no filling
simulation was conducted, only solidification calculation.

Main question in the study is, if the experimental methodology
[45] on studying influence of rotating magnetic field RMF on
alloys microstructure [26-30], really occurs during slow
solidification with equal thermal conditions in the whole specimen.
The analyzes planned in the current study concerned: the
temperature development during solidification, in the tested
specimen and in the crucible, insulation, cooling system, with
additionally determined temperature gradient, cooling rate, etc. In
order to evaluate experimental process variables and proper
construction of the device, following tests were conducted
assessing effect of e.g. initial temperature of insulation (Fiberfrax)
or initial temperature of the alloy and the crucible. Also the
numerical prediction of solidification time and secondary dendrite
arm spacing were of interest.

In the currently investigated microstructures, author studied
phases well-known from previous works [26-30] and many other
studies [48-50].
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Fig. 4. Temperature curve measured in the crucible by experiment
EXP and by simulation SIM, presented in the temperature range:
a) from 800 to 600 °C, b) from 800 to 450 °C, for selected alloys
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3. Results and Discussion

The results obtained from numerical simulation presented three
main aspects of the investigated experimental methodology and
achieved results by studying microstructures formed by slow
solidification: a) thermal conditions in the specimen and facility, b)
numerical prediction of secondary dendrite arm spacing SDAS, ¢)
effect of experimental procedure on thermal conditions.

3.1. Thermal conditions in the specimen and in
the facility

3.1.1. Temperature, solidification time and liquid fraction

Fig. 5 presents temperature in the specimen and in the facility
(crucible, insulation, cooling) at the time: b) 600 s (0% of solidified
specimen), ¢) 900 s (50%) and d) 1800 s for the a-Al first alloy. It
seems that the temperature in the specimen and crucible are equal
and very uniform, also in the cooling system temperature is
uniform (blue color), whilst across the insulation temperature
changes significantly.
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Fig. 5. a) Mesh geometry (with thermocouples — green points) and
Temperature in the specimen and the facility (crucible, insulation,
cooling) at the time: b) 600 s (0% solidified specimen, ¢) 900 s
(50%) and d) 1800 s for the a-Al first alloy, e) temperature in the
specimen only at the time 6.68 s and temperature range 790-795
°C in the whole specimen. The dashed line indicates the specimen
on the figures a-d and also on figure e

Cooling curves (Fig. 6) measured in virtual thermocouples
(green points pl and p2 on Fig. 5a and 2b) located in specimen and
crucible, confirms observations from Fig. 5 b-d, that specimen and
crucible have almost equal temperature, and in the insulation (point
p3, Fig 2b) temperature differs significantly from crucible and from
cooling system (p4) during the whole time of the experimental
process. Temperature (Fig. 6b) in the specimen center (pl) and in
the crucible (p2, in the center of the 6 mm thick crucible wall),
differs only about 3-4 °C during solidification. On the distance 22
mm (specimen radius 19 mm and 3 mm in the crucible), the
simulated temperature gradient reaches about 0.13-0.18 °C/mm and
confirms the low value of 0.143 ‘C/mm from experimental
measurements [45]. Based only on this first results might be
concluded that the conditions for slow solidification intended in
[45] and used in [26-30] have been met.

Significant difference between temperatures in specimen,
insulation and cooling system, as seen on Fig. 5 and 6, confirms
proper effect of insulation applied and the cooling system and very
well protection of the electric coils surrounding specimen (Fig. 1).
In this way, it was proved that construction of the facility [45] was
correctly designed. The Figures 5 and 6 confirmed also the correct
methodology assumed in the current simulation, leading to
validation by modification of only insulation thermophysical
properties, working as the strongest thermal resistance by heat flow
from specimen into the environment.

Simulated temperature curves (Fig. 7) measured in the
specimen center (point pl on Fig. 5a), vary significantly between
studied alloys with strongly differentiating solid fraction curves
(Fig. 3). In the a-Al/MgzSi alloy (Fig. 3a, yellow line), the latent

heat begins to release significantly just after reaching liquidus
temperature, and that caused slower cooling starting early in the
process (at time 460-480 s, Fig. 7, grey color line) and in the higher
temperatures (about 595 °C) . In the a-Al first alloy (Fig. 3a, dark
blue line), the laten heat begins also to release just after reaching
liquidus temperature, but less intensively as in a-Al/MgzSi alloy,
and just before solidus temperature released only about 30% of
solid phase and of latent heat. In the Si first alloy (Fig. 3b, grey
line), the latent heat begins to release also just after reaching
liquidus temperature, but very slowly and just before reaching
solidus temperature released only about 2.0% of solid phase and
latent heat. The rest of latent heat (about 98%) released by solidus
temperature caused horizontal plain on cooling curve (Fig. 7,
orange color) formed on the level close to solidus temperature.
Different solid phase curves caused different cooling curves, but it
might influence other thermal parameters and microstructure. Such
an effect of the alloys composition and solid fraction curve was also
observed on experimental cooling curves (Fig. 4).
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Fig. 6. Temperature curve measured by simulation of the a-Al
first alloy, in the specimen center (alloy), in crucible, insulation
and cooling, presented in the temperature range: a) from 800 to 0

°C, b) from 590 to 530 °C
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In the current study, simulated temperature across specimen
(Fig. 5e) is consistent with results by Zou [43] calculated in Comsol
software for AlISi30 alloy. The 40 mm diameter and 50 mm long
specimen was cooled from 850 °C, together with graphite crucible
surrounded by insulation. Just after starting cooling from 850 °C
(Fig. 2a in [43]), the maximum 844.0 °C and minimum
temperatures 838.0 °C differed only by 6 °C in experiment without
rotating magnetic field RMF, whilst in current study 5 °C (Fig. Se)
difference was observed (in Magmasoft), also just after starting
cooling and solidification, at the time 6.68 s. Melt stirring induced
with 5 mT and 15 mT RMF [43], homogenized alloy and reduced
the temperature range to 838.0-841.5 °C (3.5 °C) and 836.5-839 °C
(2.5 °C) respectively.

Separation of primary silicon from AlSi45 alloy by alternating
electromagnetic field was experimentally and in simulation studied
by Xue [40] during solidification in graphite crucible (28 mm inner
diameter) insulated with refractory material. The temperature field
on Fig 7b in [40] suggests almost horizontal temperature iso-
thermal lines, and it is difficult to assess exactly the temperature
range, but the difference between temperature in across specimen
and between specimen center and crucible are about 0-5 °C, and
that agrees well with current results (Fig. 5 b,c,d and Fig. 6b).

Yu [39] during electromagnetic directional solidification of
hypereutectic Al-Si alloys, applied high-purity graphite crucible
(inner diameter 20 mm and depth 90 mm), and from simulation
received, temperature distribution shown almost even horizontal
iso-thermal lines, suggesting equal temperatures across sample and
in crucible. Because of directional solidification, the differences
between upper and bottom part of sample were about 40 °C.

In the high purity and density graphite crucible (17 mm inner
diameter, 65 mm length), Lv [35] studied effect of electromagnetic
directional solidification of AlSi45 alloy on the Si separation, and
from simulation results, temperature distribution (Fig. 6a in [35]
between upper and bottom part was about 200 °C, but temperature
isolines were almost horizontal, suggesting close temperatures
across sample and crucible.

Figure 8 shows liquid fraction (labeled as Fraction liquid FL
[%] in Magmasoft) in the a-Al first alloy specimen at the specified
time and percent of the whole specimen solidified. Even by
common cooling of the specimen and crucible (starting both from
800 °C) and leading to slow solidification, the mushy zone also
moves from crucible into the center, but the width of the mushy
zone (Fig. 8 b,c,d) is extensive and reaches more than the
specimens radius 19 mm. When considering the horizontal
specimens cross-section at some specified level, the difference in
solidification time reaches only 10-20 s (Fig. 9), and from practical
point of view by general solidification time about 950-1350 s, the
specimen solidify across whole sample at almost same time. What
is interesting, upper part of the specimen solidify slightly quicker,
and the bottom is the last solidifying part. Such a solidification
sequence presented by liquid fraction was confirmed by
solidification time ST (Fig. 9), where e.g. for a-Al first alloy, the
bottom solidified at 1253 s, while the upper part by 1115 s, and
similar tendency was observed for other studied alloys. It means
that cooling effect of the air above specimen is important, and also
microstructure parameters might slightly differ in the bottom and
upper part. The tendency to intensive cooling of the upper specimen
part was indicated in [40], where heat flow (Fig. 7a) was oriented
upwards trough specimen and next led trough graphite crucible.

But generally, from Fig. 8 and 9, it can be concluded that
solidification occurs slowly almost by the same time in the whole
specimens volume, supporting evenly distributed microstructure,
e.g. equiaxed dendritic a-Al in a-Al first alloy. The place that
solidify as the last one is on the % of the specimens high, and suits
the place of secondary dendrite arm spacing SDAS measurement
(Fig. 2). Based on solidification time, studied alloys might be
divided into two groups, one group of alloys solidifying by about

950-1050 s, and the second one by 1100-1350 s.
‘i
} S ; ]
Fig. 8. Fraction liquid FL [%] in the a-Al first alloy specimen at

0 25 50 [%

the time (and percent of the whole specimen solidified): a) t=943

s, 50%, b) t=1047 s, 70%, c) t=1108 s, 80%, d) t=1146 s, 85%, €)
t=1213 s, 95%, f) t=1245 s, 99%

[ =

950 1150 1350 [s]
Fig. 9. Solidification time ST [s] in the specimen made of: a) a-Al
first, b) MgzSi first, c¢) Si first, d) a-Al/MgSi, e) a-Al/Si, f)
Mg>Si/Si alloy

3.1.2. Gradient time GT

Figure 10 presents temperature gradient (labeled in Magmasoft
as Gradient time GT [*C/mm)]) in the a-Al first alloy specimen at
the time and percent of the whole specimen solidified, at the same
time as temperature presented on Fig. 8. It is important for
interpretation knowing that, the parameter Gradient time GT shows
gradient at a specific moment, e.g. at 943 s, when 50% of the whole
specimen solidified (Fig. 10a). The value of gradient increases with
solidification progress, and the higher values starts as first in upper
part of specimen (Fig. 10a) and moves down (Fig. 10 b,c,d). Direct
comparison between temperature (Fig. 8c) and gradient (Fig. 10b),
can indicate that higher values of gradient are located in the area
just after reaching solidus temperature. A similar observations
follows from the comparison between figures 8d and 10c, and next
between 8e and 10d, and also 8f and 10e. Gradient observed on the
specimens bottom (blue colors Fig. 10 a, b, ¢) shows values from
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0.08 to 0.15 °C/mm confirming experimental results 0.143 “C/mm
from [45] and [26-30]. The consistency of results confirms the
proper construction of the facility [45] and in current study correct
validation by modifying insulation thermophysical data.
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Fig. 10. Gradient time GT [ C/mm] in the a-Al first alloy
specimen at the time (and percent of the whole specimen
solidified): a) t=943 s, 50%, b) t=1108 s, 80%, c) t=1213 s, 95%,
d) t=1245s,99%
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3.1.3. Gradient G and Cooling rate R

Next parameter characterizing thermal conditions, labeled as a
Gradient G [°C/mm], presents the temperature gradient in selected
places in the specimen (in mesh cells) at the specified temperature
(labeled as Thermo Criteria Temperature in Magmasoft). It is
important for interpretation knowing that, in opposite to previously
mentioned Gradient time GT, Gradient G (Fig. 11) calculated by
liquidus temperature Tr (fs=0.00%) shows temperature gradient in
different points (mesh cells in numerical simulations) at different
times, but exactly when liquidus isothermal line comes through the
point. Gradient G at liquidus (reaching values of 0.03-0.30 *C/mm)
is very similar in the all studied alloys (Fig. 11), and this means that
at the beginning of solidification, in the temperature range between
initial 800 °C and liquidus, thermal conditions are similar in studied
alloys and confirms results (0.143 °C/mm) obtained in studies [45]
and [26-30]. For AISi5Fel.0 [26] alloy temperature gradient
achieved Gsoo-liq=0.214 (°C/mm) and Giig-470 = 0.143 ("C/mm), and
for AlCu4Si6 [27] Gsoo-liq = 0.196 (°C/mm) and Giig-470 = 0.132
(°C/mm). In the upper specimens part, which solidified earlier than
bottom (Fig. 9) gradient is slightly higher, but on specified
horizontal cross-section, G is almost equal, and that confirms
correct construction of the facility and experimental methodology.

Based on Fig. 10 and 8, suggesting higher gradient values by
the end of mushy zone, gradient G [°C/mm] was calculated (Fig.
12) by solidus temperature Ts (Thermo Criteria Temperature 558.6
°C) corresponding to solid fraction fs=100.0%. For a-Al first, a-
Al/Mg2Si and o-Al/Si alloys, G reaches values from about 0.03 to
about 0.40 ‘C/mm, whilst for MgzSi first, Si first and MgSi/Si
alloys, G varies from 0.2 to 2.5 *C/mm, with highest values (e.g.
2.535 °C/mm pointed on Fig. 12¢) located in the characteristically
shaped area. On the chosen horizontal cross-section, in these MgaSi
first, Si first and Mg»Si/Si alloys, G differs significantly, and that
influences thermal conditions for microstructure formation and
precipitating phases, and finally may determine the results
assessment in conducted experiments, similar to [26-30]. Also for
vertical cross-section, G varies between upper and bottom part of
specimen. What differs these two groups of alloys, is the
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completely different solid fraction curve (Fig 3), e.g. for second
group of alloys (Mg2Si first, Si first and MgaSi/Si),
overwhelming quantity, solid phase grows close to solidus
temperature. It is clear that in these two groups of alloys, gradient
G by solidus temperature was determined in different solidification
manner, and the phases occurring in the microstructure, that grow
at the end of solidification, had different thermal conditions and
probably different parameters like SDAS, length, thickness or
number density of precipitates (investigated in [26-30]).

0.0 0.22 0.44 [*C/mm)]
Fig. 11. Gradient G ["C/mm] calculated by Tr (fs=0.00%) in the
specimen made of: a) a-Al first, b) Mg2Si first, ¢) Si first, d) a-
Al/Mg:Si, e) a-Al/Si, f) Mg2Si/Si alloy

0.0 0.50
Fig. 12. Gradient G ["C/mm] calculated by Ts (fs=100.0%) in the
specimen made of: a) a-Al first, b) Mg2Si first, ¢) Si first, d) a-
Al/Mg2Si, e) a-Al/Si, f) MgSi/Si alloy

1.00 ["C/mm]

Gradient G calculated by liquidus temperature is similar for
studied alloys (Fig. 11), whilst G calculated by solidus temperature
(Fig. 12) differs and is strongly determined by solid fraction curve.

Cooling rate is the second important parameter (after gradient)
characterizing thermal conditions. Cooling rate R [°C/s] (Fig. 13)
calculated by liquidus temperature Tr (fs=0.0%) shows more less
equal values across each of specimens, by horizontal and vertical
cross-sections. Here the alloys might be divided into two groups,
one with R values of about 0.28-0.29 °C/s, and the second one with
0.33-0.37 °C/s. These results links to solidification time (Fig. 9).

Figure 14 shows Gradient G [°C/mm] in the specimen made of
Si first alloy, calculated at different solidification advancement,
defined in Magmasoft with a Thermo Criteria Temperature, by the
temperature (and solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C
(25%), ¢) 565.2 °C (75%), d) 558.6 °C (100%). Gradient G by solid
fraction 0.0% and 25% reaches values 0.049-0.133 °C/mm, whilst
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by 75% and 100% values 0.259-3.429 °C/mm, and is higher and
more variable across specimen.

0.24 0.385 0.43 [*C/s]
Fig. 13. Cooling rate R [°C/s] calculated by Tr (fs=0.0%) in the
specimen made of: a) a-Al first, b) MgaSi first, ¢) Si first, d) a-
Al/Mg28Si, e) a-Al/Si, f) Mg2Si/Si alloy

Fig. 14. Gradient G ['C/mm] in the specimen made of Si first
alloy and calculated by the Thermo Criteria Temperature (and
solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C (25%), ¢) 565.2 °C
(75%), d) 558.6 °C (100%)

Similarly to gradient G, cooling rate R [°C/s] (Fig. 15) in the
specimen made of Si first alloy was calculated by the same Thermo
Criteria Temperature (and solid fraction). For solid fraction 0.0%,
25% and 75%, cooling rate R reaches values from 0.09 to 0.290
°C/s, whilst for 100% is much higher, 0.069-9.40 °C/s and similarly
to gradient G more variable across specimen.

Gradient G and cooling rate R for Si first alloy are significantly
higher at the solidus temperature than by liquidus, the same as in
MgaSi and Mg»Si/Si alloys, where almost all solid fraction and
latent heat release close to solidus temperature (Fig. 3b).

Figure 16 shows gradient G [*C/mm] in the specimen made of
0-Al/MgSi alloy and calculated by the Thermo Criteria
Temperature (and solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C
(25%), ¢) 565.2 °C (75%), d) 558.6 °C (100%) and reaches values
from about 0.03 to 0.40 “C/mm, with higher values at the specimens
top, and more or less smooth course across sample. The G values
only slightly increase with increasing solid fraction, from 0.378 to
0.821 °C/mm in comparison to Si first alloy (Fig. 14).
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Fig. 15. Cooling rate R [*C/s] in the specimen made of Si first
alloy and calculated by the Thermo Criteria Temperature (and
solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C (25%), ¢) 565.2 °C
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Fig. 16. Gradient G [°C/mm)] in the specimen made of a-Al/MgaSi
alloy and calculated by the Thermo Criteria Temperature (and
solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C (25%), ¢) 565.2 °C
(75%), d) 558.6 °C (100%)

Cooling rate R [*C/s] (Fig. 17) in the specimen made of a-
Al/MgsSi alloy was calculated by the same Thermo Criteria
Temperature (and solid fraction) as gradient G. The R values are
more or less smoothly changing across sample, e.g. for solid
fraction 75%, in the range 0.129-0.186 °C/s. The lowest values are
for solid fraction 25%, and the highest by 0%. By the 0.0% (Fig.
3a, yellow color line) no latent heat extracted yet, but by 25%
(temperature 578.4 °C) extracted about 60% percent of heat.

In the comparison to Si first alloy (Fig. 14-15), in the o-
Al/MgsSi alloy (Fig. 16-17), gradient G and cooling rate R
smoothly changes across specimen and between different
solidification advancements (solid fractions, Thermo Criteria
Temperature). In the Si alloys some extremes occurred, related to
solid fraction curve managing latent heat release.

The alloys composition leading to specified solid fraction
curve, has influence on the variability in thermal conditions across
specimens, may determine formation of occurring precipitates and
should be taken into account when analyzing the resulting
microstructures.
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Fig. 17. Cooling rate R ["C/s] in the specimen made of o-
Al/Mg>Si alloy and calculated by the Thermo Criteria
Temperature (and solid fraction): a) 585.0 °C (0.0%), b) 578.4 °C
(25%), ¢) 565.2 °C (75%), d) 558.6 “C (100%)
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3.2. Numerical prediction of secondary
dendrite arm spacing SDAS

Numerical simulation allows for microstructure prediction like
Fraction of primary phase in a-Al first alloy (Fig. 18a), Fraction of
Mg:Si phase in MgoSi first alloy (Fig. 18b), Fraction of eutectic
phase in Si first alloy (Fig. 18c) or Grain size in a-Al first alloy
(Fig. 18d). The values of the parameters are smooth across
specimen (some, like Grain size are even equal), suggesting stable
solidification conditions in the analyzed facility. The user has no
possibility to influence the way of calculation of these parameters,
and only can use it as the basis to build own parameters.

Grain Size
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Fig. 18. Microstructure parameters available in Magmasoft: a)
Fraction of primary phase in a-Al first alloy, b) Fraction of MgxSi
phase in Mg»Si first alloy, c) Fraction of eutectic phase in Si first

alloy, d) Grain size in a-Al first alloy

Microstructure module in Magmasoft allows also for
calculation of Secondary Dendrite Arm Spacing SDAS [pm] (Fig.
19) as presented for specimens made of: a) a-Al first, b) Si first, c)
a-Al/Si and d) Mg2Si/Si alloys. In specimens bottom, the printed
values, e.g. 70.948 (Fig. 19a) for a-Al first alloy, are higher than
that measured (Fig. 2, in violet rectangle area) in experiment, e.g.
54.8 (Table 1) um for a-Al first alloy. Generally in the upper part,
predicted SDAS seems to be lower, e.g. 66.183 um for a-Al first
alloy. But when analyzing SDAS on the horizontal cross-section,
the values are in the range from 69.40 to 70.28, similar or even the

same, and indicate nearly equal solidification conditions in the
facility and even microstructure.
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Fig. 19. Secondary Dendrite Arm Spacing [um] calculated
using Microstructure module in Magmasoft, in the specimens
made of: a) a-Al first, b) Si first, ¢) a-Al/Si and d) Mg2Si/Si alloy

Beside above mentioned Microstructure module, Magmasoft
allows also for prediction of secondary dendrite arm spacing
(SDAS) A2= Aspas based on the equation:

Ay =c; - (t§ —tL)™ (D

where c¢1 and n; are coefficients, by default ¢1=11.03 and n1=0.33
in Magmasoft. Fig. 20 shows such predictions in the specimens
made of: a) a-Al first, b) Si first, ¢) a-Al/Si and d) Mg:Si/Si alloy.
Also in this case, the calculated values are higher (94.115 pm) than
that measured in experiment, e.g. 54.8 (Table 1) um for a-Al first
alloy. Generally in the upper part, predicted SDAS seems to be
lower, e.g. 87.746 um for a-Al first alloy. When analyzing SDAS
from the sample center to the crucible surface, the values are
similar, and indicate nearly equal solidification conditions.

S A, P pa I

ma e o

Fig. 20. Secondary Dendrite Arm Spacing [um] based on ts-
tL, ¢1=11.03 and n;1=0.33 coefficients, in the specimen made of: a)
a-Al first, b) Si first, ¢) a-Al/Si and d) Mg2Si/Si alloy

The coefficient c¢1 is materials depending. Fig. 21. shows
Secondary Dendrite Arm Spacing [pum] based on equation (1), with
m=0.33 and optimized value of ci coefficient, e.g. in the specimen
made of o-Al first alloy, it amounts c1=6.42 (Table 2). The
optimized predictions (Fig. 21) shows also similar values across
sample, and indicate nearly equal solidification conditions in the
specimen.
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Dendritic phases form, because close to the dendrite tip of main
root, occurring perturbations in temperature and composition led to
formation of cell-like structures, that later might form independent
arms growing parallel. The occurring during solidification
coarsening process seems to determine distance between secondary
arms A>= Aspas [51,52]. The assumption, that dendritic arms
coarsening depends on diffusion, allowed for models discussed by
Stefanescu [53], Kattamis [54], Rappaz [55] and Bouchard [56]
based on the local solidification time ts:

Ay =y - ()™ @
where classically n1 = 0.33 is for the diffusive regime [57] (0.48 for

convective mass transport) and ci is materials coefficient [53-
54,56,58-60].
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Fig. 21. Secondary Dendrite Arm Spacing [pum] based on ts-tL,
m=0.33 and optimized c1 coefficient, in the specimen made of: a)
a-Al first (c1=6.42), b) Si first (c1=4.84), ¢) a-Al/Si (c1=7.87) and

d) Mg>Si/Si alloy (c1=4.84)

Fig. 22. shows Secondary Dendrite Arm Spacing [um] based
on solidification time ts only, c1=11.03 and n1=0.33 coefficients, in
the specimen made of: a) a-Al first, b) Si first, ¢) a-Al/Si and d)
Mg2Si/Si alloys, and the predicted values are higher than
experimental. After optimization, for the compatibility between
experimental (Table 1) and simulation SDAS values, by the
materials coefficient ¢1=5.20 (Table 2) for o-Al first alloy, the
numerical prediction shows also similar values across sample (Fig.
23), and indicate equal solidification conditions in the facility.

et o iy 1O e e 130 em

o
19 . »ons

Fig. 22. Secondary Dendrite Arm Spacing [pum] based on ts only,
c1=11.03 and n;=0.33 coefficients, in the specimen made of: a) a-
Al first, b) Si first, ¢) a-Al/Si and d) Mg>Si/Si alloy

Table 2.

Secondary Dendrite Arm Spacing SDAS calculated by different
formulas and ¢ coefficients (from literature or optimized) for
selected alloy specimens

SDAS a-Al Atlovs MgaSi/
[pm] first Sifirst  a-Al/Si Si
Experimental 54.8 414 67.7 38.7
Simulated
| f\ c1=11.0 94.1 94.4 94.9 88.2
o
g 2 cI= ... (6.42) (4.84) (7.87) (4.84)
o 54.8 414 67.7 38.7

=110 1161 1187 1193 1107
c=... (5200 (385  (626) (3.85)
54.8 414 67.7 38.7

SDAS
¢ *(ts) 'y

= Tx=.. [5652] [559] [560.9]  [559]
<

o Z  e=110 370 1693 3983 1651

<&

o= c=... (1633) (2697) (18.75) (25.85)
"

54.8 41.4 67.7 38.7

(...) in the curly brackets the value of ci coefficient,
[...] in the square brackets the temperature Tx reached at the
calculated time tx.
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Fig. 23. Secondary Dendrite Arm Spacing [pm] based on ts only,

m=0.33 and optimized c1 coefficient, in the specimen made of: a)

a-Al first (¢1=5.20), b) Si first (c1=3.85), ¢) a-Al/Si (c1=6.26) and
d) Mg:Si/Si alloy (c1=3.85).

According to the studies concerning the dendritic growth [51-60],
the secondary dendrite arms grow during the whole solidification
process in hypoeutectic AlSi alloys, but the spacing is determined
mostly at the end of solidification, when some arms grow up and
some melt and disappear. It was currently proposed to calculate
SDAS based on the time period, that could be responsible for
melting some arms or creating new arms. In the current study was
assumed, that this process occurs in the last 25% of the temperature
range, e.g. from temperature tx=565.2 till solidus 558.6 °C in a-Al
first alloy. Then proposed calculation of secondary dendrite arm
spacing A2= Aspas is based on the equation:
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Ay =cp - (tS —tX)™ 3)

where tx=565.2 °C. Fig. 24. shows SDAS [um] based on ts-tx,
m=0.33 and optimized c1 coefficient (Table 2), in the specimens
made of: a) a-Al first (tx=565.2 °C, ¢1=16.33), b) Si first (tx=559.0
°C, ¢1=26.97), ¢) a-Al/Si (tx= 560.9 °C, c1=18.75) and d) Mg2Si/Si
alloys (tx= 559.0 °C, c1=25.85). Of course, after c1 optimization
(Table 2), the values in the bottom part are equal to measured in the
experiment, e.g. 54.8 (Table 1) um for a-Al first alloy (Fig. 24 a).
But surprisingly, in opposite to previous calculations using
equations (1), (2) and simulations (Fig. 19-23), SDAS changes
significantly on vertical cross-section, from the sample center to
the crucible, from 54.833 to 77.67 um (Fig. 24 a), increasing about
42%. This indicate and alarm, that in studied specimens, SDAS
should be carefully and thoroughly measured across the sample
(like in violet rectangle area presented on Fig 2). Such tendency
was also for other alloys observed (Fig. 24 b,c,d), but in these o-
AV/Si, Si first and Mg2Si/Si alloys, dendritic a-Al occurs only
residually and only few dendrites were observed on the
microstructures. The proposed new calculation based on the shorter
time period ts-tx instead of ts-t. or on only solidification time ts,
needs more experimental and numerical investigations.

“:

Fig. 24. Secondary Dendrite Arm Spacing [pum] based on ts-tx,
m=0.33 and optimized c1 coefficient, in the specimen made of: a)
a-Al first (tx= 565.2 °C, ¢1=16.33), b) Si first (tx= 559.0 °C,
€1=26.97), ¢) a-Al/Si (tx= 560.9 °C, ¢1=18.75) and d) Mg>Si/Si

alloy (tx=559.0 °C, ¢1=25.85)

3.3. Effect of experimental procedure on
thermal conditions

For studying flow effect on the microstructure [26-30], many
experiments on various alloys were conducted. During this
experimental procedure [26-30, 45] some errors and threats may
occur, e.g. improper value of initial temperature of alloy and
crucible, e.g. 805 °C instead of 800 °C. Results in Tables 3-13
illustrate the effect of such conditions on the solidification time of
the specimens. The solidification experiments were conducted only
without rotating magnetic field, but may be usefully to asses
thermal conditions.

The increase in the initial temperature of insulation (Fiberfrax)
from 20 to 270 °C (Table 3) caused increase in solidification time
38 s and 33 s for Si first and a-Al/Mg:Si alloy respectively. After
first experiment ending with 270 °C, follows the next one, with the

initial temperature 270 °C. The result presented, shows the risk,
when by the first experiment, the insulation would not be heated up
to 270 °C, or the interval between subsequent experiments would
assume different values.

The increase in initial temperature of melt alloy and graphite
crucible from 800 to 850 °‘C (Table 4) caused increase in
solidification time 109 s and 103 s for Si first and a-Al/Mg2Si alloy
respectively. In the experiment, initial temperature is strictly
controlled, and really may differ maximally 5 °C causing 12 or 10
s (Tab. 4) longer solidification time, and this 5 °C change may be
analyzed as a real risk for experimental results.

The increase in the alloys quantity from 201 g (by the specimen
length 67 mm) to 262 g (Table 5) caused increase in solidification
time 192 s and 149 s for Si first and a-Al/MgzSi alloys respectively.
The changes in dimensions of the specimen 30% or 10% are less
probable. Specimens are precisely cut and 5% change in the
dimension is real because during melting and mixing, also some
oxides and slag may occur which are removed on the graphite
mixer, and the loss of the alloy may occur. 5% loss of alloy may
decrease solidification time 33 and 24 s for Si first and a-Al/MgaSi
alloys respectively.

Table 3.
Solidification time [s] in function of initial temperature of
insulation (Fiberfrax)

Solidification Initial temperature of insulation

time [s] 20 °C 100 °C 200 °C 270 °C

Si first alloy 1341 1351 1367 1379

a-Al/MgSi alloy 1049 1057 1071 1082
Table 4.

Solidification time [s] in function of initial temperature of the
alloy and the crucible
Solidification Initial temperature of the alloy and the crucible
time [s] 750°C  795°C_ 800°C 805°C 850°C
Si first alloy 1206 1327 1341 1353 1450
a-Al/Mg,Si alloy 935 1037 1049 1059 1152

Table 5.
Solidification time [s] in function of the alloys quantity and
specimens length

The alloys quantity
Solidi Specimens standard mass 0.201 kg and length 67 mm
olidi-
141g 181g 191 g 201 g 211
fication & & & & & 221g  262g
. 469 603 635 670 703
time [s] 73.7 mm 87.1 mm

mm mm mm mm mm (+ 1 00/ ) (+3 00/ )
(-30%) (-10%) (-5%) (0%) (+5%) ° ’

Si first
1127 1270 1308 1341 1377 1411 1533
alloy

a-Al/
MgoSi 893 998 1025 1049 1074 1100 1198
alloy

10 °C increase or decrease in liquidus temperature (Table 6) almost
do not changes the solidification time. The composition of the
alloys was precisely calculated and components precisely
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weighted. Supposing 0.3% error in the alloys composition, the
change in liquidus temperature reaches 2 °C, and its effect on
solidification time is insignificant.

The increase in initial temperature of copper cooling system
from 11 to 91 °C (Table 7) caused increase in solidification time
169 s and 131 s for Si first and a-Al/Mg2Si alloys respectively.
Such a situation is only possible by the unnoticed lack of water
from supply network. The really changes are possible from 11 to
21 °C, meaning only 20 s longer solidification for Si first alloy and
such an effect is negligible.

The increase in thermal conductivity of the graphite used for
crucible, from 64 W/mK to 70.4 °C (Table 8) caused decrease in
solidification time 4 s both for Si first and a-Al/MgzSi alloys and
is negligible. The crucibles were purchased from different
companies and may have different thermal conductivity by exact
the same shape and dimensions. Additionally crucibles were many
times used, strictly cleaned from previous specimen and wear out,
and that may lead to changes in heat flow. The really 5% higher
thermal conductivity causes only 3 s shorter solidification time and
its effect is negligible.

Table 6.
Solidification time [s] in function of the alloys liquidus
temperature

Liquidus temperature of the alloy

Eg:ggn (standard liquidus temperature 585 °C)
time [s] 575°C 583°C S585°C 587°C 595°C
(-10°C)  (2°C)  (0°0O) +2°C)  (+10°0)
a-Al
first 1253 1253 1254 1254 1254
alloy
Table 7.

Solidification time [s] in function of the initial temperature of the
cooling system

The initial temperature

Solidification .

time [s] i of theacoollng snystem i
11°C__21°C__51°C_ 91°C

Si first alloy 1341 1361 1422 1510

a-Al/ MgsSi alloy 1049 1064 1111 1180

In the current study, alloy was melted in the graphite crucible
and next both heated up to 800 °C were moved to the facility for
slow cooling and slow specimens solidification. But in case when
alloy would be poured into 20 °C cold crucible (Table 9), the
solidification time would decrease from 1341 s and 1049 s to 95 s
and 50 s for Si first and 0-Al/Mg:Si alloys respectively. This test
shows only how efficient is the use of a heated up crucible for
introduction of slow solidification leading to equiaxed dendritic
microstructure.

Table 8.
Solidification time [s] in function of thermal conductivity of the
graphite crucible.

Thermal conductivity of the graphite crucible

Solidification 57.6 60.8 64 67.2 70.4
time [s] WmK WmK WmK WmK WmK

(-10%)  (-5%) (0 %) (+5%)  (+10%)
Si first alloy 1346 1342 1341 1338 1337

a-Al/Mg,Si alloy 1054 1051 1049 1046 1045

In the experimental procedure, possible errors in one
exceptional situation may occur at the one experiment, causing
extreme error. Table 10 shows solidification time [s] in function of
extreme configuration of parameters variation (concerned as
separate in Tables 3-8, Fig. 25b), when all errors occurs during one
experiment and in one the same direction, increasing or decreasing
solidification time. It is clear that such extreme situation may lead
to only small errors, +81 s (comparison between Fig. 25 a and b) or
-43 s (Fig. 25 a and ¢). In case when additionally initial temperature
increases to 270 ‘C (not only 100 °C as in Table 10), then
solidification time may increase from 1254 to 1362 (Table 11, Fig.
25 a and d). The experimental procedure, developed and realized
for studying flow effect during solidification applied in [26-30] and
presented in [45] seems to be very resistant to interference.

Table 9.
Solidification time [s] in function of initial temperature of the
crucible

Initial temperature of

tSi;)riledEScatlon the crucible
20 °C 800 °C
Si first alloy 95 1341
a-Al/Mg>Si alloy 50 1049
Table 10.

Solidification time [s] in function of extreme configuration of
parameters variation

The variation of the

Extreme configuration of studied parameter
parameters variation . no .
in - o in+
variation

Initial temperature of insulation 20°C 20°C 100°C
Initial temperature of 795 °C 800 °C 805 °C
the alloy and the crucible (-5°C) (+5°C)
The alloys amount variation from 191 g, 201 211g
standard mass 0.201 kg (-5 %) & (+5%)
The variation of the alloys 583 °C 585 °C 587°C
liquidus temperature from 585 °C (-2°C) +2°C)
The variation of Vthe initial 1°C 1°c 21°C
temperature of the cooling system
The variation of the graphite 672 64 60.8
crucible’s thermal conductivity W/mK W/mK WimK

(+5 %) (-5%)
Solidification time [s] (_1 4231 IS) 1254 (igfss)

(...) in the curly brackets the variation of the parameter in % or in unit.

In the situation, when conducting experiments, in the series of
about 20 experiments, the first experiment might be conducted by
initial temperature of insulation 20 °C, a not 270 °C as during the
whole series. Insulation heating up during experiment reaches
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about 270 °C (as seen on Fig. 7a, grey color line), then solidification
time may change 39 s (Table 12, Fig. 25 a and e). But generally,
according to experimental procedure [45], also for the first
experiment, the insulation in the facility will be heated up by
mounting some replacement hot crucible.

As seen on the Fig. 8, 9 and 25, the upper part of the specimen
solidify earlier than the bottom. In order to decrease the difference,
might be possible to cover the crucible with graphite cup, by
changing the hot air above liquid alloy into a graphite. In future
construction modifications, the graphite cup might replace the
upper insulation. As presented in Table 13, such modification led
to growth in solidification time, but the difference between upper
and bottom part changed only small (Fig. 25 f), and such a
modification in design needs more analysis.

T L1264 07,
D

a2

920 1211 1430 [s]
Fig. 25. Solidification time [s] (a-Al first alloy) for various initial,
material, geometrical and boundary conditions testing possible
variability of solidification conditions: a) standard version, b)
max. possible solidification time increase, ¢) max. possible
solidification time decrease, d) and additional effect of insulation
initial temperature 270 [°C], e) effect of the only change in the
insulation initial temperature 270 [°C], ) the change of air above
the specimen into graphite cover

Table 11.
Solidification time [s] in function of initial temperature of the
insulation

Initial temperature of
the insulation

Solidification 20°C 270 °C and other
time [s] : ..
in + variations as
in the Table 10
a-Al first alloy 1254 1362
Table 12.

Solidification time [s] in function of only initial temperature of
the insulation

Initial temperature of the insulation

Solidification 20 °C 270 °C
time [s] (as the only one

variation)
o-Al first 1254 1293
alloy

Table 13.
Solidification time [s] in function of material above the specimen
(in crucible)

The material above the specimen

Solidification Air Graphite

time [s] (initial temperature  (initial temperature
800 °C) 800 °C)

a-Al first alloy 1254 1421

4. Conclusions

Experimental and numerical investigations on thermal
conditions in AISiMg alloys specimens and in the used facility,
provided following observations and conclusions:

1. Slow cooling and nearly uniform temperature on the cross-
section of the specimen and of the crucible has been proven,

2. Even values of solidification time throughout the specimen
were observed,

3. The numerically tested construction of the facility provided
proper electric coils protection and low stable temperature in
the cooling system,

4.  Temperature cooling curves significantly varied between
alloys with different compositions and solid fraction curves,

5. A wide mushy zone running from the top of the sample and
from the side walls was proven in simulation,

6.  The area that solidifies in specimen as last one was located at
a height of approximately % of the specimen,

7. Higher gradient values for the mushy zone close to solidus
temperature Ts for the a-Al first alloy were observed,

8. Temperature gradient and cooling rate, for Si first, MgaSi first
and Mg>Si/Si alloys were significantly higher at the solidus
temperature than by liquidus, where almost all solid fraction
and latent heat release close to solidus, whilst in a-Al/Mg2Si,
a-Al first and 0-Al/Si alloys gradient and cooling rate were
smoothly changing across sample and from liquidus to
solidus temperature,

9.  Temperature gradient and cooling rate strongly related to
solid fraction curve managing latent heat release,

10. Numerically simulated microstructure parameters like e.g.
SDAS, grain size and fraction of primary phase in a-Al first
alloy presented values similar and smoothly changing across
specimen. The calculated values of secondary dendrite arm
spacing SDAS varied from obtained in the experiment and
some optimization of the materials coefficient in the
mathematical formula was necessary and helpful.

11. Based on proposed secondary dendrite arm spacing
calculations based on the time period (assumed as last 25%
of tL-ts), that could be responsible for melting some arms or
creating new arms by dendrites, and simulation results with
occurred value changes on vertical cross-section, careful
measurement of SDAS on the experimental specimens was
recommended. The proposed formula for SDAS calculations
needs more experimental and numerical analysis.

12.  The analysis of the threats and errors that may occur in the
experimental procedure concerned: changes in the initial
temperature of insulation, melt alloy and crucible, cooling
system, changes in the alloys quantity, liquidus temperature,
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crucible conductivity, etc. and indicated small impact on
experimental results.

13.  The tested experimental procedure, developed and applied
for studying flow effect during solidification seems to be very
resistant to interference, and allows for proper analysis of the
forced flow effect induced by rotating magnetic field, on the
alloys microstructure.
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